1. Introduction {#s0005}
===============

Saudi Arabia is a leading date palm (*Phoenix dactylifera* L.) growing country having over 23 million date palm trees; it is ranked as the 4th major date producer worldwide, with 754,761 metric tons/ annum produced ([@b0080]). Unfortunately, the date palms are under the constant threat of red palm weevil (RPW) *Rhynchophorus ferrugineus* (Coleoptera, Curculionidae) infestation, which invaded Saudi Arabia in 1987 ([@b0005]). RPW is a date palm borer that feeds on the internal tissues of the date palm trunk, ultimately causing the death of the infested tree if the infestation is not detected and treated in time ([@b0095]). The female weevil lays around 180--339 eggs during its entire lifespan of 3--6 months. The eggs hatch after 2--3-days of incubation, and neonate larvae start feeding on date palm tissues and reach pupal stage through 10-larval instars in 35--40 days. The adult weevils emerge after 15--20 days and the entire lifecycle is completed in 5--9 months ([@b0010]).

RPW is a very serious pest of date palm originated from South East Asia. It rapidly extended its geographical as well as host range within the last few decades. Despite tremendous efforts taken to stop its further proliferation the pest is spreading globally. Weak quarantine enforcement and difficult early detection are major obstacles in its successful management.

Saudi Arabia has over 80,000 date palm trees infested with RPW that are posing a considerable threat to the neighboring healthy trees ([@b0015]). RPW activities are well concealed in the date palm trunk, and visual detection at early stages of infestation is quite challenging. Identification of date palm trees at early stages of RPW infestation, particularly when the palm heart is still intact, can be successfully cured. Visual signs of RPW infestation appear at advanced stages when the chances of recovery are almost negligible. RPW infestations have been reported from the majority of date palm producing countries, covering the entire Middle East ([@b0065]).

Although several pre-emptive and curative measures have been taken, including adoption of the cultural practices, mass pheromone trapping, biological control (entomo-pathogenic fungi and nematodes), and application of insecticides. The success of all these control programs is based on the detection of RPW infestation at early stages. Indeed, the main impediment for the successful management of RPW has been the absence of an effective early detection technique. Various approaches and devices have been developed for detection of RPW infestations, including visual inspections and use of pheromone traps ([@b0070]), acoustic sensors ([@b0170]), and sniffer dogs ([@b0160]); but each technique suffers certain limitations impeding their success. Therefore, an effective and efficient method is needed to be explored to detect RPW infestation in date palm at its early stages to take a rapid remedial action to save trees life.

Thermal cameras have been used for years to assess plant stress in agriculture and to find concealed activities within tree trunks ([@b0175], [@b0100], [@b0110]). RPW larvae cut off the vascular system while feeding on the date palm trunk tissues and produce water stress that can be identified with thermal imaging. Digital cameras generate digital images of the plants and help in visual analysis to detect any variation between healthy and infested plant images ([@b0145], [@b0205]).

Tree radar units (TreeRadarUnit™*)* use a ground-penetrating radar technique to sense the decaying of the internal tissues of the tree trunk ([@b0225], [@b0045]). This innovative technology is commonly used in arboriculture to observe the internal status of woody plants. Resistographs are reliable devices used to detect decay and cavities in woody trees ([@b0045], [@b0105], [@b0140]). It comprises a micro drill that is introduced horizontally into the trunk and the variation in resistance in the wood is depicted into a graph. The instrument used in the present study was "IML RESI PD500", USA.

Development of biosensors is an emerging field, and they involve the use of bio-entities including RNA, DNA, and proteins. Biosensors receive biological signals and transform them into a detectable electrical signal. Biosensors are widely used in food industries ([@b0155]), environmental studies ([@b0125]), bio-terrorism prevention ([@b0210]), and disease diagnostics ([@b0090]).

Near-infrared Spectroscopy (NIRS) has been substantially documented because of its promising results in agriculture ([@b0215], [@b0135]) food ([@b0120], [@b0040], [@b0130], [@b0165], [@b0115]), petroleum ([@b0075], [@b0195]), and pharmaceutical industries ([@b0020], [@b0035], [@b0220], [@b0185]). Also, NIRS approach has been widely used for non-invasive analysis and monitoring of biological systems. Several studies have been conducted to determine physiological changes in living organisms using NIRS ([@b0200], [@b0050]).

Several studies have also been conducted involving NIRS and insects ([@b0060], [@b0055], [@b0180]). The particular chemical configuration of an object having a specific level of excited molecules absorbs light in the NIR region and vibrates at a distinct frequency level ([@b0150]). The pattern of NIR spectra is mainly influenced by the concentration and type of chemical bonds (CH, NH and OH) of the analyzed material ([@b0085]).

The present study was conducted to evaluate the performance of some devices including cameras (digital camera and thermal camera), TreeRadarUnit™ (TRU) (Radar 2000, Radar 900), resistograph, magnetic DNA biosensor, and NIRS in detecting RPW infestation with the actual infestation (determined by dissection of the date palm trees) used as a standard.

2. Materials and methods {#s0010}
========================

The current study was undertaken to measure efficacy of the different optical devices including cameras (digital camera and thermal camera), radar units (Radar 2000, Radar 900), resistograph, magnetic DNA biosensor, and NIRS to detect RPW infestation in date palm trees under field conditions in Riyadh, Saudi Arabia.

Initially, 80 date palm trees were identified as RPW infested trees through visual observations at random, and tagged. Only 31 date palm trees were selected to examine with cameras and other devices.

2.1. Digital camera {#s0015}
-------------------

Images taken with the digital camera were analyzed using computer aided drafting (CAD) software to differentiate between RPW-infested and healthy palm trees.

2.2. Thermal cameras {#s0020}
--------------------

Images taken with the thermal camera were analyzed to compare the internal temperature of the date palm trees present under similar weather conditions. A palm tree was considered infested if its internal temperature was higher than that of the other neighboring trees.

2.3. TreeRadarUnit™ (TRU) {#s0025}
-------------------------

TRUs (TRU 2000 MHz and TRU 900 MHz) were fixed at three different heights (20, 100, and 150 cm) from the ground level depending upon the height of the date palm trunk. To avoid any discrepancy in the data, the observations were first taken by fixing the units on the rough surface (of the date palm trunk), which was then cleaned (shaved) enough for better fit of the TRU on the trunk.

2.4. Resistograph {#s0030}
-----------------

Date palm trees were also examined with the resistograph, a probe that was horizontally inserted into the date palm trunks to monitor the relative resistance of trunk tissues. The data were generated in terms of graph on the machine. Resistograph generated instant results that were recorded as under:Healthy= (--)Low infestation= (+1)Medium infestation= (+2)Heavy infestation= (+3)After inspection of date palm trees with different devices, each tree was taken down, and subsequently, the trunk was cut longitudinally into 1 m sections, i.e., logs. Each log was examined from the base and to the top to record any sign of RPW infestation. Additionally, for comprehensive internal inspection, each log was first cut into two equal halves and then into four quarters. Each quarter was observed thoroughly i.e., peripheral side, inner side, top, and base, to record any sign of RPW infestation (galleries) and to record the live and dead RPW individuals to validate the accuracy of the device for detection of RPW infestation. The procedure of cutting the trees has been presented in [Fig. 2](#f0010){ref-type="fig"} and log coding is represented in [Table 1](#t0005){ref-type="table"}.

2.5. Detection with magnetic DNA biosensor {#s0035}
------------------------------------------

### 2.5.1. Experiment 1 {#s0040}

A handy antenna-based magnetic DNA biosensor was tested for RPW detection in a date palm orchard. The experiment was carried out using RPW eggs, larvae, and control (moist tissue paper only).

Stages of RPW were wrapped in moist tissue paper and placed in a plastic cup with perforated lid for aeration. In control, only tissue papers were placed in plastic cups. After screening date palm trees for RPW infestation, the cups with RPW stages and control were attached with healthy date palm trees using adhesive tape. Each tree with a plastic cup was monitored for RPW detection using the magnetic DNA biosensor. Judgment was recorded for RPW presence to calculate the accuracy percentage.

### 2.5.2. Experiment 2 {#s0045}

#### 2.5.2.1. Sample preparations {#s0050}

One hundred and sixty samples were prepared comprising of seven groups: eggs, larvae, pupae, adults, control (empty), fresh diet without exposure to RPW, and old diet exposed to RPW. Each group contained 15 replicates. Samples were prepared by wrapping the samples in moist tissue paper and placed in plastic cups with perforated lids for aeration.

#### 2.5.2.2. Testing area set up {#s0055}

The testing area was mapped as given in the picture below. It consisted of five points: (A) Detection point, (B) Positive control point (where the RPW were placed inside the plastic cups), (C) Sample movement starting point, (D) Sample movement endpoint.

The distance between detection point (A) and Positive control point (B) was 6.5 m; the distance from sample starting point (C) to endpoint (D) was 7.5 m; whereas, the distance from detector point to the sample movement line (C-D line) was 0.5 m. The groups of samples prepared for testing were placed out of this area.

#### 2.5.2.3. Red palm weevil detection procedures {#s0060}

a\. Detector calibration

The detector (A) represented by the antennae movement (left--right movement) should direct towards point B consistently, indicating the detector was in excellent working condition. This step was repeated for every sample testing.

b\. Initial checking:

Before passing sample for detection the bearer of sample was screened by passing on sample movement line without sample.

**Testing procedure**

The sample bearer was asked to move from C point to D point crossing the detector point (A) and adjust if needed. The antennae detector should face toward the positive control point (B) before the sample bearer crosses the detector. After the sample bearer crosses the detector point (A), there were two possibilities: first, the antennae detector did not move and stays facing toward the positive point (B) indicating the sample was negative; second, the direction of the antennae detector moves toward the sample bearer, deviating from the positive point (B), indicating the sample was positive. The working principle of the detector was to detect the closest positive sample.

Observations of the tested samples were recorded and analyzed using the analysis of variance (ANOVA) PROC GLM procedure of SAS ([@b0190]), and means were separated using the Least Significant Difference (LSD) (P = 0.05).

2.6. Near Infrared Spectroscopy (NIRS) {#s0065}
--------------------------------------

NIRS was applied to measure the absorbance spectra for RPW infested, wounded, and control fresh date palm leaves samples using the JASCO Spectrophotometer Model JASCO-V670.

Date palm plants belonging to Khudry cultivar were purchased from Al Rahji laboratory for tissue culture, Riyadh. Plants were distributed into three groups (G1, G2, and G3) each containing three plants where each plant was considered as a replicate. G1 plants were infested with larval stage of RPW, G2 plants were mechanically wounded, whereas G3 plants were considered as control. G1 plants were infested by introducing 5 RPW larvae (2nd instar) by drilling holes in the lower part of the date palm trunk using a 6-mm size bit. Wounds were created in G2 date palm plants with the same drill machine. Artificial wound treatment was undertaken to differentiate between RPW and artificial wound effects as the RPW larvae were also to be introduced into the date palm plants after making holes with drill machine as mentioned above. All experimental plants were covered with fine steel mesh. Plants with each treatment were kept in separate places having uniform conditions to avoid any stress-related communication among the plants. Leaf samples were taken from the control, wounded, and infested date palm plants three days after treatment and stored immediately at −80 °C for further studies. To take NIR absorbance spectra, 1 × 1 cm^2^ sample disks were cut from these leaves and cleaned with fine tissue in order to remove dust or other unwanted impurities. Then these samples were fixed in the sampling port to take absorption spectra between 760 nm and 2100 nm range.

3. Results and discussions {#s0070}
==========================

3.1. Comparative efficacy of different optical devices {#s0075}
------------------------------------------------------

In the first experiment 31date palm trees were examined visually as well as with digital and thermal cameras, and results revealed that the RPW detection accuracy with both cameras was significantly lower than the actual observation. On the other hand, visual detection was closer to actual RPW infestation with no statistical difference ([Table 1](#t0005){ref-type="table"}). Visual detection presented the highest accuracy (87%), followed by thermal (61%) and digital camera (52%), but remained statistically at par with the others.Table 1Comparative efficacy of different optical devices for red palm weevil infestation detection in date palm trees at Riyadh, Saudi Arabia.MethodnAccuracy (%)Actual31100 ± 0aVisual3187 ± 6abThermal Camera3161 ± 9bDigital Camera3052 ± 9b[^1]

TRUs (Radar 2000, Radar 900) and resistograph were also used to examine the date palm trees at 20, 100, and 150 cm above ground level. The RPW detection accuracy (percentage) of these devices was confirmed through dissection of the trees examined ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}) and was considered as actual infestation. Results obtained with different devices were statistically compared with actual infestation. Results indicated no statistical difference for RPW detection accuracy percentage among Radar 2000, Radar 900, and Resistograph at 20 cm height ([Table 2](#t0010){ref-type="table"}). Radar 2000 exhibited significantly lower accuracy percentage as compared to actual infestation but Radar 900 and Resistograph were found at par with actual infestation. The non-significant difference is probably because of high variation in the data and standard error. The highest RPW infestation detection accuracy (78%) was achieved with Radar 900, followed by resistograph (76%) and Radar 2000 (73%).Fig. 1Response of the leaf spectral absorbance to control, wounded, and infested date palm leaves in NIR range.Fig. 2Response of the leaf spectral absorbance to control, wounded, and infested date palm leaves in NIR range (1850 nm to 1950 nm).Table 2Comparative efficacy of different optical devices for red palm weevil infestation detection at different heights of date palm trunk above ground level at Riyadh, Saudi Arabia.DevicesRed palm weevil infestation detection accuracy assessment at different heights of date palm trunkn20 cmn100 cmn150 cmActual31100 ± 0.0a31100 ± 0.0a31100 ± 0.0aRadar 20004173 ± 7b3372 ± 8a2391 ± 6abRadar 900978 ± 15ab367 ± 33a367 ± 33bResistograph2576 ± 9ab2162 ± 11a1385 ± 10ab[^2]

Similarly, results indicated no statistical difference for RPW detection accuracy percentage among Actual, Radar 2000, Radar 900, and Resistograph at 100 cm height ([Table 2](#t0010){ref-type="table"}). The highest accuracy was observed where trees were examined with Radar 2000 (72%) followed by Radar 900 (67%) and Resistograph (62%).

Next, no statistical difference for RPW detection accuracy was observed between actual, Radar 2000, and resistograph except Radar 900, which presented significantly lower accuracy as compared with actual accuracy but at par with Radar 2000 and resistograph at 150 cm height ([Table 3](#t0015){ref-type="table"}). However, highest accuracy was observed where trees were examined with Radar 2000 (91%), followed by resistograph (85%), and Radar 900 (67%).Table 3Overall, comparative efficacy of different optical devices for red palm weevil infestation detection at Riyadh, Saudi Arabia.DevicesRed palm weevil infestation detection accuracy assessmentnMean ± SEActual31100 ± 0 aVisual3187 ± 6 abRadar 20009777 ± 4bRadar 9001573 ± 12bResistograph5973 ± 6b[^3]

Comparing the detection accuracy among three heights (20, 100 and 150 cm), greater accuracy was observed at 150 cm with Radar 2000 (91%), followed by resistograph (85%).

Overall, comparative efficacy of visual, Radar 2000, Radar 900, and resistograph RPW detection indicated that visual detection showed highest accuracy percentage (87%), followed by Radar 2000 (77%), Radar 900 (73%), and resistograph (73%).

3.2. DNA magnetic sensor {#s0080}
------------------------

In the first experiment, where RPW stages placed in plastic cups provided with moist tissue paper were tied onto the trunk of healthy date palm trees to determine RPW presence, results indicated that highest correct reading was recorded for egg stage (75%), followed by larva (64%), and lowest in control (54%). Results did not show any significant difference between eggs, larvae and control judgment accuracy. But the accuracy level was found to be higher in RPW stages as compared to control ([Table 4](#t0020){ref-type="table"}).Table 4Evaluation of magnetic DNA biosensor for Red palm weevil detection.Life stageAverage correct judgment percentagenMean ± SEEggs875 ± 16aLarvae1464 ± 13aControl2654 ± 10a[^4]

In the second experiment, where judgement was made in an open area, the efficiency of the DNA biosensor for detecting adults was 100%, followed by 83%, 63%, 60%, and 39% for pupae, larvae, eggs, and control (empty cup). No significant difference was observed in detection of adults, larvae, pupae, and eggs, but that of the control was significantly lower than detection of adults, but statistically at par with pupae, larvae, and egg stages ([Table 5](#t0025){ref-type="table"}).Table 5Evaluation of magnetic DNA biosensor for red palm weevil detection.ObjectsnMean ± SEAdult5100 ± 0aPupa580 ± 20 abLarva2463 ± 10 abEgg2060 ± 11 abControl (empty cups)6939 ± 6b[^5]

Results indicated a high efficiency of the magnetic DNA biosensor for adult detection followed by other stages of RPW, but very poor performance with the control, which is a question mark either for the efficiency of the machine or user expertise. Therefore, further improvements may be required either in the machine or user expertise or both.

3.3. Near Infrared Spectroscopy (NIRS) {#s0085}
--------------------------------------

The absorption spectra for different treatments, including infested, wounded, and control samples generated by NIRS are shown in [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}. A remarkable variation in intensity of the corresponding peaks of these spectra was observed. The spectra revealed change in the elemental concentration of the constituents of the samples. More prominent lines of the spectra between 1850 nm and 1950 nm have been shown in [Fig. 2](#f0010){ref-type="fig"}. We have also observed a shift in the corresponding peaks. Results indicated that NIRS has great potential to be exploited for the detection of RPW infestation in date palm trees. Moreover, such investigation with absorption spectroscopy will not only detect the RPW infestation, but it will also suggest the remedy to the infection by identifying the elemental concentration before and after infection.

Devices tested for RPW detection in date palm, including digital and thermal cameras, TreeRadarUnit™ (TRU) (Radar 2000, Radar 900), resistograph, magnetic DNA biosensor, and NIRS have been used for decades to detect anomalies in plants caused by biotic or abiotic stresses ([@b0105], [@b0140], [@b0090], [@b0165]). In the present study, the accuracy of digital and thermal cameras was around 50 to 60%, whereas visual detection was 87%. Such a low accuracy might be because of the fact that in date palm, RPW infestation occurs generally at the basal portion of the trunk while both cameras rely on changes appearing in the crown. The accuracy of TRU 2000 and the resistograph was quite promising; they successfully detected RPW infestation at 1.5 m height 91% and 85% of the time, respectively. RPW infestation activities occur mostly at this position in date palm. Overall comparison of TRU and resistograph indicated that Radar 2000 (77%) was more accurate than Radar 900 (73%) and resistograph (73%). In all cases, the accuracy of these devices was found to be quite lower than that of actual (validated by dissecting the date palm trees) and visual detection approaches.

The magnetic DNA biosensor was used to detect adult, pupa, larva, and egg stages of RPW in comparison with control (empty box). The highest accuracy was observed with adults (100%), followed by pupa (80%), larva (63%), eggs (60%), and control (39%).

NIRS absorption spectra for infested, wounded, and control date palm samples generated a remarkable variation in gradient of the corresponding peaks. Results indicated that NIRS is a promising technique for the early detection of RPW infestation.

4. Conclusions {#s0090}
==============

Non-invasive optical devices including cameras (digital camera and thermal camera), TreeRadarUnit™ (radar 2000, radar 900), resistograph, magnetic DNA biosensor, and NIRS used to detect RPW infestation in date palm trees under field conditions indicated that resistograph and NIRS have great potential to detect RPW infestation in date palm trees.
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[^1]: Means followed by the same letter in same column were not significantly different at α: 0.05. n = number of date palm trees observed

[^2]: Means followed by the same letter in same column were not significantly different at α: 0.05. n = number of date palm trees observed.

[^3]: Means followed by the same letter in same column were not significantly different at α: 0.05. n = number of date palm trees observed.

[^4]: Means followed by the same letter in same column were not significantly different at α: 0.05. n = number of date palm trees observed.

[^5]: Means followed by the same letter in same column were not significantly different at α: 0.05. n = number of date palm trees observed.
